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We have demonstrated an organic light-emitting diode based on molybdenum oxide MoOx doped
4,4 ,4-tris3-methylphenylphenylaminotriphenylamine m-MTDATA as a p-type doping hole
injection layer. The tris-8-hydroxyquinoline aluminum Alq3-based organic light-emitting diodes
show high brightness at very low operating voltage, 100 cd /m2 at 3.2 V and 1000 cd /m2 at 4.4 V,
corresponding to a low turn-on voltage of 2.4 V. Such improved properties are attributed to the
formation of the charge transfer complex produced by doping MoOx into m-MTDATA, which
provides much more free hole carriers, and the introduction of an efficient electron-injecting layer
to improve the performance. © 2008 American Institute of Physics. DOI: 10.1063/1.2890490
With potential application in flat panel display and solid-
state lighting, organic light-emitting diodes OLEDs have
recently attracted considerable attention due to the rapidly
improving efficiency and performance over the last decade.
Intensive research in chemistry and physics1–6 has been car-
ried out on these promising light sources because of their all
solid-state nature, lower driving voltage, faster switching
speed, and wider viewing angle, and even a low cost mass
production is in prospect. Also, lowering driving voltage is
crucially important to improve power conversion efficiencies
and lifetimes of OLEDs.2,3 In other aspect, low driving volt-
age is compatible with active matrix driver circuitry.7
Metal oxides have been introduced recently for hole
injection layer HIL,8 hole transporting layer HTL in
OLEDs,5,6,9 or charge generation layer in stacked
OLEDs,10,11 and attracted much attention due to their
improved performance. Among the transition metal
oxides used in OLEDs recently reported, like V2O5,6
MoOx,12 WO3,13 and ReO3,14 they act as buffer layers or
HTL dopants, respectively, which significantly improve
the performance of the devices. In this letter, we
introduced MoOx as the electron-acceptor dopant in
HIL to fabricate p doped devices. Molybdenum oxide
MoOx is usually nonstoichiometric when prepared by
evaporating MoO3 with a conventional deposition
system.15 We demonstrated very low turn-on voltage and
high brightness Alq3-based OLEDs with MoOx-doped
4,4 ,4-tris3-methylphenylphenylaminotriphenylamine
m-MTDATA, for example, 3.2 V for 100 cd /m2 and 4.4 V
for 1000 cd /m2, which are among the best reported for
Alq3-based emitter.2,14,16,17 Moreover, the device shows very
low turn-on voltage defined for voltage to obtain a lumi-
nance of 1 cd /m2 of about 2.40 V, which is very close to
the thermodynamic limit of 2.35 V for a green device with a
peak emission of 528 nm.
All the devices were fabricated with the conventional
process.14 The absorption spectra were measured by means
of ultraviolet/visible spectrometer UV 1700, Shimadzu.
Figure 1a exhibits the absorption spectra of undop-
ed N ,N-diphenyl-N ,N-bis 1,1-biphenyl-4 ,4-diamine
NPB, and MoOx-doped NPB with different thicknesses of
the doped layers. A similar result,14,18–20 an additional
absorption over the range from about 410 to 540 nm,
is obtained by fabricating configurations of quartz substrate/
neat NPB 50 nm and quartz substrate/NPB: MoOx
molar to molar=3:1 10, 20, 30, and 40 nm/NPB 40, 30,
20, and 10 nm, respectively. Figure 1b shows the absorp-
tion spectra of quartz substrate/neat m-MTDATA 50 nm
and quartz substrate/m-MTDATA: MoOx 3:1 10, 20, 30,
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FIG. 1. Color online a Absorption spectra of neat NPB and MoOx-doped
NPB with different thickness. Inset: normalized absorption spectra of 10 nm
MoOx. b Absorption spectra of the HILs with different thicknesses of the
doped layer. Inset: absorption spectra of the undoped and doped HILs.
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and 40 nm/m-MTDATA 40, 30, 20, and 10 nm, respec-
tively. The inset shows the absorption spectra of substrate/
m-MTDATA 50 nm, m-MTDATA: MoOx 3:1, 2:1
30 nm /m-MTDATA 20 nm, and MoOx 5 nm /m-
MTDATA 45 nm, respectively. The strong absorption
peaks of pure NPB, MoOx, and neat m-MTDATA film
shown in Fig. 1a and its inset, and 1b, respectively are
all located at the wavelength less than 380 nm, while the
m-MTDATA: MoOx film revealed additional absorption,
which is attributed to that of the MoOx which can accept
electron from m-MTDATA to form charge transfer complex
MoOx
− /m-MTDATA+.
A pronounced charge transfer CT band is observed
with an additional broad absorption expanding between 410
and 540 nm, where there is no such absorption in the NPB or
m-MTDATA neat film. Thus, it is almost certain that charge
carriers due to CT complex formation are generated in the
MoOx-doped film under thermal equilibrium, contributing to
the enhancements of electrical conductivity in the doped
layer. Finally, we mention the thickness dependence of the
m-MTDATA: MoOx layer in generating the CT complex, as
shown in Figs. 1a and 1b. The inset of Fig. 1b reveals
the higher concentration of MoOx in matrix, the more CT
complexes, though no CT complex formed in the nondoped
devices with and without MoOx buffer layer.
As deducted, CT complex, proven by absorption spectra,
is formed in the doped NPB or m-MTDATA as an effective
HTL or HIL. The following results of the current density-
voltage J-V characteristics of the nominal single-carrier
devices consisting of indium tin oxide ITO/MoOx
5 nm /m-MTDATA 45 nm/NPB 5 nm /Ag 100 nm,
ITO /m-MTDATA: MoOx 2:1 30,40 nm /m-MTDATA
20, 10 nm/NPB 5 nm /Ag 100 nm, ITO/NPB: MoOx
2:1, 30 nm/NPB 25 nm /Ag 100 nm, and Ag
100 nm /Alq3 60 nm /LiF 1 nm /Al 100 nm, as shown
in Fig. 2, reveals that m-MTDATA matrix is superior to
NPB concerned with hole-injecting efficiency. It can be
clearly seen that the holes and electrons are quite
imbalanced. The HIL-doped OLED with 5 nm NPB exhibits
superior J-V characteristics. Figure 3 shows the current
density-voltage-luminance J-V-L characteristics of the
OLEDs consisting of ITO /m-MTDATA: MoOx 10:1, 3:1,
2:1, 1:1 10 nm /m-MTDATA 35 nm/NPB 5 nm /Alq3
60 nm /LiF 1 nm /Al 100 nm. As compared, the device
with MoOx 5 nm /m-MTDATA 40 nm/NPB 5 nm was
fabricated. The doped devices exhibit higher brightness than
that of the one with MoOx buffer layer, and the one with the
3:1 doping ratio exhibits better performance of efficiencies
below 10 V. In order to investigate the characteristcs
of the thicknesses dependence of the devices, the
OLEDs composed of ITO /m-MTDATA: MoOx 3:1
X nm /m-MTDATA 45−X nm/NPB 5 nm /Alq3
60 nm /LiF 1 nm /Al 100 nm structures, X=5, 15, and
25 nm, were fabricated. The J-V-L characteristics of these
devices are shown in Fig. 4. The device with 15 nm doped
HIL exhibits better performance of efficiencies among the
devices with different thicknesses of doped m-MTDATA.
In order to improve the luminous efficiencies dominated
by the injecting efficiency of electrons, a simple way is to
introduce a more effective electron transporting layer,
such as 4,7-diphenyl-1,10-phenanthroline BPhen, due
to its superior electron-transporting capability.21 The
BPhen layer also blocks the excess holes and confines the
excitons in the active region, which led to the efficiencies
improvement. Figure 5 shows the J-V-L characteristics
of the device consisting of ITO /m-MTDATA: MoOx
3:1 ,15 nm /m-MTDATA 30 nm/NPB 5 nm /Alq3
50 nm/BPhen 10 nm /LiF 1 nm /Al 100 nm. BPhen is
an effective hole-blocking layer as well as electron-
transporting layer. The introduction of BPhen results in holes
accumulation at the interface of Alq3 and BPhen, and then a
FIG. 3. Color online The J-V-L characteristics of the devices with 5 nm
MoOx buffer layer and m-MTDATA:MoOx 10 nm, 10:1, 3:1, 2:1, 1:1 as
HIL, respectively.
FIG. 4. Color online The J-V-L characteristics of the devices with neat
m-MTDATA, MoOx buffer layer, and m-MTDATA:MoOx 3:1, 5 nm,
15 nm, 25 nm as HIL, respectively.
FIG. 2. Color online The J-V characteristics of “hole-only” and “electron-
only” devices.
FIG. 5. Color online The J-V-L characteristics of the device with BPhen.
The inset shows the current efficiency and power efficiency vs current den-
sity characteristics.
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reverse electric field is formed, leading to the improvement
of electron injection and balancing the injection of holes and
electrons as well as enhancing the rate of radiative recombi-
nation. The inset of Fig. 5 shows the current efficiency and
power efficiency versus current density characteristics of the
device with 10 nm BPhen. The device exhibits the power
efficiency as high as 3.50 lm /W at a luminance of about
100 cd /m2 and 4.77 cd /A at 5200 cd /m2 for the current ef-
ficiency. Turn-on voltage, voltage at 100 and 1000 cd /m2,
luminance at 10 V, maximum efficiencies, and maximum lu-
minance of the devices are summarized in Table I.
Compared with the one with m-MTDATA-only HIL, it
is believed that doping-induced CT complex strengthens not
only the injecting efficiency of the carriers but also the sta-
bility of the devices.14 Device D shown in Table I exhibits
very low turn-on voltage of 2.40 V. The power efficiency of
device D was improved by 136% as compared to the
m-MTDATA-only HIL one, and even a little higher than that
of the MoOx-buffer-layer one. It attributes to the lowering of
the operating voltage by MoOx doping. However, compared
with the one with MoOx buffer layer, the doped devices
caused a somewhat decreased current efficiency due to the
enhanced hole injection and consequent charge imbalance.
In summary, we systematically investigated the role of
doping MoOx into m-MTDATA HIL and NPB HTL. We
fabricated Alq3-based OLEDs with very low turn-on voltage
2.4 V and high brightness at low operating voltage
100 cd /m2 at 3.2 V, 1000 cd /m2 at 4.4 V, and
10000 cd /m2 at 6.8 V. It was shown that the formation of
CT complex in MoOx-doped m-MTDATA or NPB attributed
to the significant improvements of the devices performance.
That simply inserting a BPhen layer shows efficiently
electron-injecting ability, which balances the injection of
holes and electrons to some extent, though not optimized. As
to our assumption, the performance of the devices can be
further improved by replacing the BPhen layer with a
n-doped layer to form a p-i-n structure,3,17 balancing the
charge injection and optimizing the thickness of each layer.
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TABLE I. The performance of the devices.
Device
Turn-on
voltage V
Voltage at
100 and 1000 cd /m2
V and V
Luminance at
10 V cd /m2
Max. efficiencies
cd/A and lm/W
Max. luminance
cd /m2 at V
Aa 2.88 4.0and5.9 7190 3.83and1.48 27630at19
Bb 2.60 4.1and6.0 9393 5.32and3.34 28090at16
Cc 2.50 3.7and5.0 26240 4.15and2.64 39480at18
Dd 2.40 3.2and4.4 26660 4.77and3.50 42090at17
aDevice A: ITO/m-MTDATA 45 nm /NPB 5 nm /Alq3 60 nm /LiF 1 nm /Al 100 nm.
bDevice B: ITO /MoOx 5 nm /m-MTDATA 40 nm /NPB 5 nm /Alq3 60 nm /LiF 1 nm /Al 100 nm.
cDevice C: ITO/m-MTDATA: MoOx 3:1 ,15 nm /m-MTDATA 30 nm /NPB 5 nm /Alq3 60 nm /LiF
1 nm /Al 100 nm.
dDevice D: ITO/m-MTDATA: MoOx 3:1 ,15 nm /m-MTDATA 30 nm /NPB 5 nm /Alq3 50 nm /BPhen
10 nm /LiF 1 nm /Al 100 nm.
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